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Abstract 
YF3: 20%Gd
3+, 20%Yb3+, 0.5%Tm3+ nanocrystal has been synthesized by a hydrothermal method. The upconversion (UC) 
emission and energy transfer progresses between Gd3+-Yb3+-Tm3+ under a 980-nm continuous wave semiconductor laser diode 
excitation have been explored. The experimental results show that the violet and ultraviolet (UV) enhancement with Tm3+ 
upconversion emission occurs in the nanocrystal, and in the same time the UC emissions of Gd3+ from 6D9/2, 
6IJ, 
6P5/2, and 
6P7/2 
states to the ground state 8S7/2 are obtained, too. The dynamic analysis implies that, under 980-nm excitation, the nanocrystal 
dimension plays a key role in the efficient energy transfer processes between Gd3+-Yb3+-Tm3tt based on the energy matching 
conditions. 
 
© 2010 Published by Elsevier B.V. 
Key words:  Rare earth (RE); energy transfer; nanocrystal; upconversion 
1. Introduction 
Frequency UC is an important process in optical generation from infrared (IR) to visible emission and UV 
emission in RE-doped materials. So, RE-doped UC materials have been widely explored because of their potential 
applications, such as optical data storage, colour displays, IR sensors, environmental monitoring, and so on [1±5]. 
UC emissions of Gd
3+
 have been rarely reported due to large energy gap between the ground state
 8
S7/2 and the first 
excited state 
6
P7/2. However, Gd
3+
 served as host material ions, activator or sensitizer ions has been extensively 
exhibited and used in the past two decades [6-9]. In recent years, the frequency UC phenomenon with Gd
3+
, Er
3+
 and 
Tm
3+ 
has attracted much attention as a potential approach in the search for miniaturized all solid-state lasers
 
[10±12]. 
In more recent years, a series of luminescent materials based on UC processes of Gd
3+
 from IR to UV have been 
developed [13, 14].  
A previous investigation indicates that YF3 is a good host material for IR-to-visible UC emission [15], so Gd
3+
-
Yb
3+
-Tm
3+
 co-doped YF3 nanoparticles have been synthesized using a well-known hydrothermal method. Under 
980-nm excitation, the sample after annealing displays bright UC light, in the same time the enhanced UV emissions 
with Tm
3+
 and Gd
3+
 are obtained yet. To understand the enhanced UV emission phenomenon, the energy transfer 
processes between Gd
3+
-Yb
3+
-Tm
3+
 based on the energy matching conditions are discussed and analyzed. A simple 
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rate-equation model is established to explain the phenomena. Consequentially, a possible UV UC process based on 
frequency UC energy transfer±cross relaxation±energy transfer (ET±CR±ET) mechanisms is developed. 
 
2. Experiments 
The original materials are all analytical reagents. The synthesis of YF3: 20%Gd
3+
, 20%Yb
3+
, 0.5%Tm
3+
 
nanocrystal has been elaborated on [16]. After annealing for 1 h under an Ar atmosphere at 600°C, the sample emits 
bright blue and intense UV light under 980 nm excitation. To observe the crystallization phase, XRD analysis is 
carried out with Rigaku RU-200b powder diffract meter with Ni-filtered CuKĮ UDGLDWLRQZLWKȜ QP7KH
size and the morphology are characterized by Hitachi S-4800 field-emission scanning-electron microscopy (FE-
SEM). UC emission spectra are recorded with Hitachi F-4500 fluorescence spectrophotometer. All measurements 
are performed at room temperature.  
 
3. Results and discussion 
XRD pattern of the annealed YF3: 20%Gd
3+
, 20%Yb
3+
, 0.5%Tm
3+
 nanocrystal is taken, which shows an 
orthorhombic YF3 phase with the space group Pnma (62) comparing with the standard data of YF3 crystal (JCPDS 
74-0911). The inset in Fig. 1 exhibits the FE-SEM image of the sample. It is obvious that the sample consists of an 
average size of 100 nm. As shown in Fig. 2, the sample after annealing displays bright blue light due to
1D2ĺ3F4 and 
1G4ĺ3H6 transition of Tm3+  under 980 nm excitation,  in the same time the enhanced UV emissions with Tm3+ (3P0 
/ 
1I6ĺ3H6, 3P0 / 1I6ĺ3F4 and 1D2ĺ3H6˅are observed, and  the emission peaks marked by an asterisk (ˆ) and a 
triangle (ᇞ ) in the both ranges of 270±281 nm and 300-320 nm come from the 6IJĺ8S7/2 and 6PJĺ8S7/2 transitions 
of Gd
3+
, respectively.  
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Fig.1 XRD pattern of annealed YF3: 20%Gd
3+
, 20%Yb
3+
, 0.5%Tm
3+
 nanocrystal 
And standard data of YF3 crystal (JCPDS 74-0911). The inset at top right corner, 
FE-SEM image of YF3: 20%Gd
3+
, 20%Yb
3+
, 0.5%Tm
3+
 nanocrystal. 
 
As shown in Fig. 2, the emissions especially concentrate on the UV regions, which mean that the population 
with 
3P2 or 1I6 level of Tm3+ becomes more efficient in the nanocrystal sample than that in the bulk materials [12, 
17]. Fortunately, what can result in the intense UV emissions has bee studied in our investigations [11, 18] recently. 
Based on our results and the above spectrum, an energy-level scheme of Gd
3+ēYb3+ēTm3+ and the processes of 
UC excitation and emission, seeing Fig.3, are set up. From Fig. 3, it can be seen that the five-photon processes is 
necessary to populating the 
3P2 or 1I6 level of Tm3+ under 980 nm excitation, and it is clear that population of 6IJ and 
6PJ levels of Gd3+ in the sample is achieved by the energy-transition (ET) processes from 3P2 / 1I6 to 6IJ / 6PJ level, 
that is, the efficient UC emissions of Gd
3+
 strongly depends on the energy-transition efficiency. According to the 
energy-transition processes between Gd
3+
-Yb
3+
-Tm
3+
 in Fig.3 , we make use of a simplify improved rate-equation 
model, which original that was proposed by Auzel, and deduced by Ostermayer [19], in order to analyze the 
experimental results convincingly. In the rate-equation model, the process of stepwise excitation by non-resonant ET 
from Yb
3+
 to Tm
3+
 and multiphonon relaxations of Tm
3+
 were considered. As shown in Fig. 3, the labels (T0̚T5, Y0
̚Y1 and G0̚G2) are more conveniently used in the rate equations below: 
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Fig.2 UC emission spectrum of YF3ġ20% Gd3+ē20% Yb3+ē0.5% Tm3+dThe emission 
peaks marked by an asterisk (ˆ) and a triangle (ᇞ ) in the both ranges of 270±281 nm and 
300-320 nm come from the 
6IJĺ8S7/2 and 6PJĺ8S7/2 transitions of Gd3+, respectively. 
Fig.3 Energy- level scheme of Gd3+ēYb3+ēTm3+ and processes of UC excitement and emission  
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WhereˈY, T and G stands for Yb3+, Tm3+ and Gd3+ ion, respectively; YV  is the Yb3+ 2F7/2ė 2F5/2 absorption cross-
section averaged over the spectrum of the exciting radiation; YH belongs to the average energy of the Yb
3+
 
2F7/2ė 
2F5/2 transition; I , the total intensity of the exciting radiation˗ns are number density in one ion level˗´s are total 
lifetime at one level˗·sˈ·'s are the Yb3+ to Tm3+ and Tm3+ to Gd3+ transfer probability coefficient, respectively
˗a, the branch ratio of the 6IJ level relaxing to the 3PJ level, and b, that of the 3F3 to the 3H4 level, and c is cross-
relaxation (CR) coefficient. In general, ·s increases monotonically with doped Yb3+ content at low Yb3+ doping, 
while they take nearly constant value at high Yb
3+
 doping [20]. It is well-known that, with the increase of Tm
3+
 
content, CR process becomes stronger for Tm
3+±Tm3+ distance becomes smaller, b becomes smaller, too, and there 
are some inevitable relations between b and c. In the above rate equations, some approximations have been made. 
Firstly, low efficiency processes, such as back energy transfer from Tm
3+
 to Yb
3+
, are neglected in the rate-equation 
model. Secondly, in the ET and nonradioactive processes, we assume that the 
3H5 level completely depopulates to 
the 
3F4 (T1) level; Tm3+ ions in the 3F3 (3F2) level partially nonradioactive decayed to the level 3H4 (T2), and the 
others depopulated in terms of  the CR (
3F3ė3H6 : 3F3ė1D2) process; The 1G4 (T3) level is populated through ET 
[
2F5/2ė2F7/2 (Yb3+): 3H4ė1G4 (Tm3+)]; The population of the 1D2 (T4) level came only from the CR process; and the 
population of the 
1I6 (T5) level came from ET 2F5/2ė2F7/2 (Yb3+): 1D2ė1I6 (Tm3+). Thirdly, other emission and ET 
processes are neglected except those mentioned above. Lastly, the population of the 
6IJ (Gd3+) level is due to ET 
from Tm
3+
 to Gd
3+
, and the 
3PJ (Gd3+) population fully depends on nonradiative relaxation.  
Now, we use the rate equation model to elaborate on the enhanced UV UC emissions. For the dependence of 
the UC emission spectra on Yb
3+
 concentration, ·s increased with increasing doped Yb3+ content, ET become 
efficient and more Yb
3+
 participates in the ET inducing more Tm
3+
 to populate the 
3F3 (3F2) levels, the CR process 
easily occurs due to energy-level matching condition, and then the populations of the levels 
1D2 and 1I6 increases. 
So, the UV emissions from 
1D2 and 1I6 can be observed. In general terms, doped Tm3+ content has worthful effect on 
the Tm
3+
 UC emission enhancement. With the increase of Tm
3+
content, the distance between Tm
3+± Tm3+ shorten 
more and more, making Tm
3+±Tm3+ interaction stronger, CR process became much easier. Spontaneously, Tm3+±
Yb
3+
 distance became shorter and ET occurred easily, too, and the ET±CR±ET would be more effective, which 
resulted in UV emission enhancement. In addition, when the excitation power density increased, the Yb
3+
 would be 
more effectively excited to the 
2F5/2 level and the ET processes became effective, too. In a word, the ET±CR±ET 
processes can eventually result in the emissions of the 1D2 and 1I6 levels. However, an obvious UC UV emission 
enhancement can not be observed in the bulk YF3: 20%Gd
3+
, 20%Yb
3+
, 0.5%Tm
3+
 materials though the above is 
satisfied, and in contrast the nanocrystal clearly shows the enhanced UC UV emission, as shown in Fig.2. Sighting 
into the rate equation model, it is sure that the parameter´s plays a uniquely important role in the efficient ET±CR±
ET processes. In fact, the nanocrystal radii is greater than the half wavelengths of the light originating from the 
3F4ĺ3H6, 1D2ĺ3F4 and 1G4ĺ3H6  radiation transitions, leading to the rates with the three radiation transition 
decrease rapidly [21], that is,´T1, ´T2 and´T4 increases, and the more efficient population at 1D2ˈ1I6 and 6IJ  level 
is realized, respectively. The obtained emission spectra are direct proof of the validity of the explanation. 
 
3. Conclusions 
In conclusion, YF3: 20%Gd
3+
, 20%Yb
3+
, 0.5%Tm
3+
 nanocrystal has been synthesized through a facile 
hydrothermal method. Under 980-nm excitation, the intense UV UC emissions are observed and studied. A simple 
rate equation model is used under some approximations. The possible UV UC emission and ET±CR±ET processes is 
proposed and elucidated using the simple rate-equation model. It can be approved that nanodimension results in 
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enhanced UV UC emissions of the nanocrystal. The result develops a novel approach searching for efficient IR-to-
UV emission materials. 
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